Soundless chemical demolition agents (SCDAs) have been used during the last decades in the demolition of boulders and concrete structures as well as in open-surface and sub-surface rock excavation, as an alternative to the use of explosives posing safety risks. However, the knowledge of the governing fracture mechanisms in brittle materials is rather limited. In the present work, we thoroughly investigate the use of the acoustic emission technique to study the SCDA-induced fracture process in concrete blocks. Energy-related features and waveform parameters of the recorded AE activity are correlated to the fracture mode of the concrete where a quasi-static behavior is observed. Monitoring of the progressive fracture is also achieved by the 3D localization of the AE sources. The distribution of the inter-event times of the recorded hits is further analyzed in the context of non-extensive statistical physics.
INTRODUCTION
oundless chemical demolition agents (SCDAs) have been used during the last decades in the demolition of boulders and concrete structures as well as in open-surface and sub-surface rock excavation, as an effective alternative to the use of explosives posing safety risks [1] [2] [3] [4] [5] . Recently, the potential application of SCDA fracking in unconventional oil and gas recovery as well as in mineral processing applications has been under investigation [5, 6] . The effect of the non-S explosive cracking agents on fracturing of the surrounding media inside a borehole is based on the volume thermal expansion of the cracking agent, caused by the exothermic hydration reaction of CaO under confined conditions. In the proper mixing ratio of the cracking agent to water, the subsequent coagulation and rigidity of the mixture results in the development of high expansive pressures within the pre-drilled holes that eventually causes a complex fracture network in the concrete or the rock mass [7] . In addition to commercial use, non-explosive expansion material has been utilized in laboratory experiments to evaluate its fracturing capacity of synthetic specimens, and its potential application for fracturing coal roofs in coal mines has been proposed [8] . Guo et al. used soundless cracking agent in laboratory scale experiments to form a fracture network in shale specimens, in order to establish an evaluation method for the hydraulic fracturing in shale reservoirs [9] . More recently, Zhai et al. have proposed the application of non-explosive expansion method in the field of reservoir fracturing for the extraction of coal bed methane [10] . In the previous three cases, the acoustic emission (AE) technique was used for the dynamic monitoring and analysis of the fracture network formation. To the best of our knowledge, these are the only available studies where the effect of SCDAs in fracturing has been studied by means of the AE technique. Although the optimum operation conditions of SCDAs, related to the external temperature, hole size and spacing, and mixing ratio of agent to water have been studied to some extent [2, 11] , the knowledge of the governing fracture generation and propagation mechanisms in concrete or rock masses is rather limited [5] . Regarding fracture mechanisms, quasi-static conditions can be considered in SCDA-induced rock fracturing, due to the observed stable crack propagation at low crack velocities, and micro-crack based sliding models are likely to be applied [5] . In this direction, the well-established monitoring technique of AE can provide valuable information on the fracture mechanisms in rocks and concrete structures under the effect of SCDAs [12] [13] [14] . The present study explores the potential use of the AE technique to study the SCDA-induced fracture process in concrete samples. The generation and propagation of micro-cracks into concrete specimens in unconfined state due to the addition of expansion mortar to pre-drilled holes is monitored for a period of 24-h, by an array of AE sensors. The experimental data are analyzed using parameter-based and statistical methodologies of acoustic emissions.
EXPERIMENTAL SETUP
oncrete blocks used for pavement cover were cut in prismatic shape and a cylindrical hole, of 10 mm diameter and a depth of a few cm, was drilled vertically to one of its surfaces (refer to Fig.1a ). The pre-drilled hole was filled with DEXPAN soundless chemical demolition agent [5, 15] , in the appropriate mixing ratio of water to cementitious powder (~3.5:10), to achieve maximum expansive strenght (124 MPa, according to the manufacturer). The monitoring of concrete fragmentation in the absence of any confinement, by the AE technique was carried out at ambient pressure and temperature. Seven AE piezoelectric sensors operated at 200-750 kHz (pico-sensors of Physical Acoustics Corporation) were mounted with silicon glue on all the surfaces of the concrete specimen. Pre-amplification of 40 dB was used in all sensors and the threshold of detection was set at 39 dB, to avoid the background noise. The AE activity of the concrete block was monitored continously under the effect of the expansive mortar, for a period of 24 hours. A PCI-2 card based AE multichannel system (Physical Acoustics Corporation) was used to record the detected signals (hits) in each sensor and the AE hit parameters (amplitude, duration, rising time, rising angle, etc) were automatically extracted and further analysed by dedicated software (Aewin and NOESIS by Mistras Group). A characteristic recorded signal (hit) with the calculated based AE parameters is shown in Fig.2 . Peak definition time (PDT), hit definition time (HDT) and hit lockout time (HLT) were set as 50, 200 and 300 μs, respectively. The sampling rate was set at 5 Msamples/s. The acoustic wave velocity of concrete specimens was determined experimentally by using two of the AE sensors in pulse-receive mode and found to be (3120±70)m/s. We have to mention that the highly inhomogeneous concrete specimen combined with the finite size of the AE sensors inevitably introduces errors in determining the location of the AE sources.
RESULTS AND DISCUSSION

A parameter-based analysis of acoustic emissions
he time history of the AE activity, expressed as the number of hits in time bins and their amplitudes, recorded in all channels during the effect of the cracking agent on the concrete block for a 24-h monitoring period, is illustrated in Fig.3 , as a three-dimensional plot. From the recording time t i ≈43618 sec (~12 h) a large number of hits with ampli-C T Figure tudes up to 90 dB starts to be observed, while afterwards, the recorded hits and their amplitudes are gradually decreased until the end of the monitoring test. This observed peak (refer to Fig.3 ) is attributed to the initiation of cracks generation into the concrete specimen, which occurs when the expansion stress of the cracking agent exceeds the tensile strength of the concrete specimen. The initiation of the fracturing process is manifested by a concentrated AE activity, that is, 3.5 % (or 205 hits) of the total number of hits, over a short period of 0.5 sec. Subsequently, a considerable AE activity is recorded (~45% of the total activity) that lasts for a long period of about 5.1 h. This is related to the additional generation of micro-cracks and their coalescence which leads to the formation of the major macro-cracks in the concrete specimen, as it is shown in Fig.1(b, c) . It should be noted here that the crack initiation was observed after 12 h which is far from the corresponding value suggested by the manufacturer, i.e. 2-8 h after the injection of SCDA. The latter, however, should be considered as the optimum value under certain operating conditions which are related to the ambient temperature, the water content and the diameter of the borehole. A low AE activity is occasionally recorded in all channels before the observed onset of the fracturing process and from the beginning of the monitoring test, corresponding to ~4% (i.e., 243 hits) of the total number of hits and to amplitudes ≤ 61 dB. This activity should be associated with micro-cracks and friction effects, caused during the thermal expansion of the cracking agent within the pre-drilled hole of the concrete block. It is worth noting that there is no clear pre-failure activity, indicative of the upcoming fracturing process which started suddenly after about 12 h of the beginning of the monitoring test. The high recorded AE activity that is related to the initiation of the cracking process in the concrete block is also reflected to the duration of the recorded hits in each of the 7 channels, as it is illustrated in Fig.4 . According to Fig.4 , the hits recorded around the time 43618 sec have duration as high as a few ms, while afterwards and for the rest of the monitoring period, the recorded hits have substantially lower duration. Prior to the onset of the intense AE activity, the duration of the occasional recording hits are limited to less than 1 ms, suggesting that the corresponding acoustic emissions have rather low energies and do not correspond to any significant precursory signal of the upcoming SCDA-induced cracking process. Further information on the cracking process caused by the expansive agent in the concrete block can be derived from the time evolution of the cumulative absolute energy of the recorded hits in each channel, during the monitoring period (refer to Fig.5 ). The highest cumulative energy is recorded in channel 6, which is closer to the hole filled with the expansive agent. In all sensors, however, the recorded energy variations exhibit the same characteristics. The overall monitoring period has been divided into 3 stages, depending on their specific characteristics. The "silent" stage A (0-43618 sec) that appears prior to the initiation of the cracking process, corresponds to a limited number of hits (~4% of the total number) with low amplitudes and short durations and thus to a cumulative energy close to zero. In stage B which lasts for 5.1 h, the cumulative energy of hits increases drastically exhibiting stepped-like behavior that corresponds to the formation of macro-cracks, as it is shown in Figs.1(b,c) . This stage of strong AE activity can be considered as the effective period of action of the expansive agent in the fracture of the concrete specimen. Finally, in region C, although the recorded hits reach 20% of the total, the cumulative energy remains almost constant until the end of the monitoring test, due to the relatively short duration and the low amplitudes of the recorded hits. The separation of the monitoring period in the aforementioned stages, according to the values of the cumulative energy will be used later in the statistical analysis of the AE data. The characterization of the cracking mode (tensile or mode-I and shear or mode-II) during the fracturing process of the concrete specimen can be achieved by correlating specific AE parameters, namely average frequency (AF) and rising angle (RA) [16] [17] [18] [19] . This classification is based on the fact that the slower shear waves transmit more energy than the faster tensile waves, resulting to longer rising time and to a low frequency content of the recorded waveform, in opposition to the tensile waves which correspond to short rising times and higher frequencies [16] . The average frequency as a function of the rising angle of the recorded hits in channel 6, for the stages A and B of the monitoring procedure is depicted in Fig.6a . Additionally, two representative recorded waveforms corresponding to different cracking modes and their frequency content are illustrated in Figs.6(b,c). We observe that the majority of the recorded hits are characterized by low values of RA and AF values in the low frequency range, i.e. 50-250 kHz. According to the aforementioned classification, these recorded hits are due to the formation of tensile cracks inside the concrete specimen. This is in accordance to the shape of the specimen after fracture, as it is depicted in Fig.1b . The compressive stresses that develop in the radial direction of the cylindrical hole and accumulate to the interface between the expansive agent and the walls, lead to indirect tensile stresses in the tangential direction of the hole which manifest as macro-cracks in the y-z plane. The latter is the predominant plane of fracture, since the distance of the cylindrical hole from the side surfaces of the specimen is minimal in the y-direction, corresponding to minimal confinement from the surrounding material. These observations are in agreement with published results stating that SCDA-induced initial cracking occurs when the mean value of the tangential stress reaches the splitting tensile strength of the specimen and the crack propagation is caused mainly by mode-I type of failure [5, 11, 20, 21] .
As it is clearly observed in Fig.1c , additional smaller macro-cracks were also propagated from the interface of the hole with the concrete, without however reaching the outer surface, due to the higher surrounding confinement. These cracks should be of shear and mixed-type and they are observed in a smaller percentage, as it is evident in Fig.6a . Their presence in random directions could be attributed to the heterogeneity of the concrete specimen.
In both cases of tensile and shear cracks formed in the concrete specimen during the agent-induced fracturing, the different waveform features are clearly indicated in Figs.6(b,c) . The low value of rise-time and the broad frequency content are indicative of tensile cracks (see Fig.6b ). As for the shear cracks, rise-time is much longer and the frequency spectrum mainly contains low frequencies, as it is shown in Fig.6c . The use of 7 sensors in the monitoring test has enabled the determination of the location of AE sources. The principle of AE source localization is based on the minimization of the following quantity, chi square (χ 2 ), by using multiple regression analysis [22, 23] :
where , is the observed time difference calculated from the known arrival times in the first hit sensor and the ith sensor, and , is the calculated time difference, according to the following time-distance relationship , /
In Eq. (2),
are the coordinates of the ith sensor and the unknown AE source location, respectively, in a 3D Cartesian coordinate system, and υ is the acoustic wave velocity in the material under test, which is considered isotropic and homogenous. Three-dimensional location patterns of AE events at different selected times of the monitoring test are illustrated in Figs.  7(a-d) . The AE data were filtered to discard events with amplitudes lower than 45 dB, in order to improve the overall location pattern. We observe that the locations of events before the initiation time of the fracturing process, i.e. in the range A, are rather concentrated at the bottom of the hole filled with the expansive mortar (refer to Fig.7a and Fig.5 ). During the evolution of the fracturing process (range B), new micro-cracks were formed and propagated around the hole, possibly at the interface of the concrete with the expansive mortar [refer to snapshots (b) and (c) of Fig.7 ]. These are reasonable findings, considering that the expansive pressure generated by the cracking agent is not uniformly distributed along Figure 7 : 3D location patterns of cumulative events at different selected times, during monitoring of the fracturing process in the concrete specimen. The numbered green dots indicate the positions of the 7 AE sensors. The cylindrical hole was drilled along the z-direction (refer to Fig.1 ). Axes scale is in mm. the cylindrical hole, due to its finite length and the absence of any confinement on the upper side of the hole. Thus, the expansive pressure should be higher in the inner part of the hole than at its edge. This results in the generation of microcracks starting from the inside and then extending towards the outside of the hole. As for the snapshot corresponding to the beginning of range C (Fig.7d) , the distribution of the events has been further extended, due to the formation of macrocracks in the concrete specimen ( Figs.1(b,c) ).Further estimation of the events localization should be no longer valid, as the specimen has started to be divided into 2 pieces (refer to Fig.1b ).
Non-extensive statistical analysis of acoustic emissions
The concept of non-extensive statistical physics (NESP) has been successfully applied to the investigation of complex systems in different length-scales, such as earthquakes and fracturing experiments in brittle materials [24] [25] [26] [27] [28] [29] . NESP has been introduced by Tsallis in order to describe the non-equilibrium stationary states of a system which exhibits long-range interactions, memory effects and multifractality [30, 31] . In this context, Tsallis proposed replacing the classical Boltzman-Gibbs entropy with the generalized q-entropy (or Tsallis entropy) which is defined as:
where is Boltzmann's constant, p(X) is the probability distribution function of the continuous variable X, and q is a real parameter which describes the degree of non-extensivity of the system under consideration. For q>1 or q<1, the system has a sub-additive or super-additive behavior, respectively. If → 1, Tsallis entropy reduces to the classical Boltzman-Gibbs entropy. In the case of the recorded AE activity during the fracture of brittle materials (concrete and rocks), the continuous variable X corresponds to an AE parameter, such as the inter-event time or inter-event distance between two successive micro-cracks generated within the material, due to the applied mechanical stress [24, 26, 27] . The maximization of q-entropy under appropriate constraints generates probability distributions, the so-called q-distributions, such as q-exponential, q-Gaussian, q-Weibull distributions, etc [32] [33] [34] . The q-exponential distribution has been extensively used to describe the cumulative distribution functions (CDF) of seismic parameters in global and regional scale, and the AE activity in laboratory-scale fracturing experiments of rocks [24] [25] [26] [27] [28] . It is defined as follows
where the parameter β is related to the Lagrange multiplier [27] . In the limit → 1, Eq.(4) leads to the ordinary exponential distribution. In this study, NESP is applied to analyze the series of the inter-event times (IT, i.e. the time interval between successive micro-cracks) of the hits recorded during the SCDA-induced fracturing process of the concrete specimen (stage B). Specifically, we chose to use the sequence of the hits recorded to sensor with the maximum number of recorded hits, i.e., sensor 6. The time history of the inter-event times (τ) of the recorded hits in channel 6 during the monitoring test, is shown in Fig.8a . The same data are also shown in a sequential order in Fig.8b , to increase the resolution of observation during the fracture (stage B), where most AE activity is recorded. We observe that IT values cover more than 6 orders of magnitude, spanning from hundreds of seconds down to the millisecond range. In range A, ITs have very high values, because of the rare occurrence of hits. Instead, the initiation of the fracturing process (range B) causes an abrupt decrease of IT of more than 4 orders of magnitude (from ~10 2 to less than 10 -2 sec), as it is clearly observed in Fig.8b . A subsequent characteristic decrease of IT is observed at recording time 43772 , i.e. after 154 sec of the cracks' initiation (refer to Fig.8b) ]. The prolonged recording of IT with low to intermediate values (~0.1-10 sec) suggests that a quasi-static fracture is taking place during the effect of the cracking agent to the concrete specimen. This is consistent with published reports stating that the quasi-static conditions should be taken into account in fracture modelling of rocks with SCDAs [5] . An alternative approach for presenting the AE activity in terms of the inter-event times has been recently proposed by Triantis and Kourkoulis [35] . According to this methodology, a time function F(τ i ) is introduced, which represents the average frequency of occurrence of AE hits, in a sliding time window of N consecutive hits with a mean value of the inter-event times, / . The time evolution of the function F of the recorded hits in channel 6 for N=10, during the stage B of the fracture process is illustrated in Fig.8c . The observed peak of F at 43618 sec is associated with the initiation of the fracture process which is significant during the first few minutes, but decreases afterwards. This behavior is quite similar to the observed fluctuations of the smoothed curve of IT, as it is shown in Fig. 8b . Depending on the low or higher values of N which adjusts the time resolution of the evolution of the recorded hits during the test, the details of the AE activity can be revealed or shadowed, respectively. In the present case, for the optimum selected value of N (N=10), the rate of AE hits as expressed by the function F exhibit the same characteristics as those seen in Fig.3 and Fig.8b . Proceeding further with the analysis in the context of NESP, it should be noted that a single q-exponential function failed to fit the cumulative distribution of ITs in the entire region B. Thus, the aforementioned observed fluctuations of IT in region B have prompted us to separate this region into 2 different sub-regions. The 1 st sub-region (B1), where IT fluctuates considerably, includes hits from 71 to 470 and the 2 nd sub-region (B2) the remainder. In the latter case, the majority of ITs exhibit higher values on average. This separation of region B is also consistent with the approach mentioned above, regarding the values of the function F in each sub-region [35] . In sub-region B1, the function F maintains relatively high values, while in sub-region B2, F has low values, without any significant fluctuations. The normalized cumulative distributions (P>τ) of IT associated to the recorded hits in channel 6 are depicted in Fig.9a,b , for the two distinct sub-regions of stage B, in a log-log representation. In Fig.9a , for low values of IT ( 1 ), the cumulative distribution was best fitted with a q-exponential function (red line), according to Eq.(4), while for higher values of IT, an ordinary exponential function (dashed green line) was sufficient to fit the data. Subsequently, the entire distribution of ITs in region B2 (hits 471-1340) is best fitted with a single q-exponential function, as it is depicted in Fig. 9b . In the latter case, the calculated q-value which is close to unity (q=1.12±0.03) indicates a rather weak q-exponential behavior, suggesting that long-range interactions should be also weak. On the contrary, the calculated high q-value (q=2.58±0.05) in region B1 for low values of IT, suggests a highly sub-additive behavior, associated with a significantly well-organized fracturing process. However, the subsequent crossover to an exponential decay at higher IT values is indicative of randomness in the fracturing process. Actually, the behavior of the CDFs of ITs in region B1 incorporates two different patterns, i.e. two regions of small and large values of IT that could be related to the micro-cracks generation and propagation in random positions in the interface between the SCDA and the surrounding concrete. Their subsequent coalescence in the macro-scale during the fracturing process resulting to ultimate failure, obeys a mechanism closer to a Boltzman-Gibbs statistics. A similar behavior of the q-index during three-point bending tests of cement mortar beams has been reported in ref. [36] , where q-index was calculated in successive stages of the test, as the specimens approached failure, and was found to decrease, due to the different associated fracture mechanisms. More recently, NESP analysis was conducted at inter-event times of AE during repetitive loading/unloading cycles of cement mortar beams subjected to 3-point bending [37] . The experimental data were fitted by a q-exponential function; the entropic index q was found to increase in each repeated cycle, approaching a critical value (q=1.42) when the specimen reached ultimate failure. 
CONCLUSIONS
n the present work, the fracturing process of concrete specimens under the effect of a soundless chemical demolition agent was investigated by using the AE technique. Real-time monitoring of a concrete block with a pre-drilled hole filled with SCDA was performed for a period of 24 h by an array of 7 AE sensors. The analysis of the experimental data reveals that fracture is suddenly observed after 12 h, without any clear indication of pre-failure signals. The absolute energy and the inter-event times of the recorded hits have been used to distinguish the effective period of action of the cracking agent and the quasi-static behavior in the fracturing process, respectively. The correlation of the AE parameters (average frequency and rising angle) implies that the fracturing process is dominated by tensile cracks (mode-I type of fracture). The localization of the AE sources allows investigating the formation and propagation of micro-cracks around the pre-drilled hole. In this direction, we propose that the expansive agent placed into a hole of a solid material could be used as an artificial source of acoustic signals, in analogy to the lead pencil break tests (LPBT) for studying the propagation of elastic waves in materials. However, we have to point out that this proposed method, as a destructive test in contrast to the LPBT, cannot be used directly in the test specimens but should be applied separately to other suitably prepared specimens. Additionally, the use of the expansive agent may not be appropriate in the case of the high anisotropic rocks and should only be used in artificial materials. The statistical analysis of AE data in the frame of NESP provides evidence that the SCDA-induced fracture of concrete is a complex process where the long-range interactions of the micro-cracks should play a significant role to any possible model of the fracturing process. The present investigation could be further extended to other brittle materials such as rocks and to complicated arrangement of holes that are used in practical applications, in order to monitor the evolution of the complex fracture network that will be developed under the effect of SCDAs. The influence of the essential parameters for the optimum usage of SCDAs, i.e. ambient temperature, water content, hole diameter and spacing between holes should be also investigated to reveal any possible correlations with the AE parameters. 
